Introduction and Fundamentals
Phononic crystals and acoustic metamaterials are artificial composite materials. They consist of at least two materials with differences in elasticity, mass density and longitudinal and transverse velocities of acoustic waves. They are designed to tailor acoustic wave dispersion via Bragg scattering or local resonances. The typical structure consists of scattering centers with elastic properties different to a homogeneous matrix surrounding the scatterers [1, 2] . The concept is known from photonic crystals characterized by a spatial modulation of the refractive index. It originally comes from crystallography where atoms in crystals are arranged as periodical three dimensional arrays. The dimensions involved in phononic crystals are much larger compared to the interatomic distance and range from a few meters down to a few micrometers or hundreds of nanometers. The major difference between phononic crystals and metamaterials is the dimension of characteristic geometric values of the structure. For metamaterials it is small compared to wavelength of the acoustic wave whereas lattice constant, i.e. the period of dimension, and wavelength are similar for phononic crystals. The periodic arrangement of scatterers leads to constructive and destructive interferences depending on the frequency of the waves. The most important feature of phononic crystals are frequency regions, termed band gaps, within which sound cannot propagate through the structure, independently of their polarization and angle of direction of wave propagation by multiple scattering of waves within a phononic crystal. The formation of spectral gaps in an acoustic metamaterial is based on locally resonant structures. Since wavelength is orders of magnitude larger than the geometric dimensions, periodicity is not necessary to create a metamaterial with designed properties. Instead, disordered structures of localized resonant structures can be described with effective values of density and elasticity, including unusual negative values.
For sensing purposes reduction of symmetry is the most effective way to design optimal features in the transmission or reflection spectrum of phononic crystals. Wave confinement is a result of point or linear defects [3] [4] [5] [6] . Specifically linear defects can be used for wave guiding or wave bending whereas point defects can be designed to create a high-Q resonance. Those resonances appear as sharp peak or dip in the transmission or reflection spectrum of the phononic crystal and therefore provide a simple measure providing the position of the respective cavity mode on the frequency scale is related to defect properties or the material therein. The correlation between the frequency of cavity modes and material parameters like speed of sound of a liquid confined in the cavity or thickness or elastic modulus of a sensitive film deposited onto the surface of the respective interface to the confining structure is the basic idea behind the application of phononic crystals as sensor platform. In this way phononic crystal sensors recover the well accepted measurement of a resonance frequency as applied for acoustic microsensors. Classical acoustic microsensors exploit solid resonators, e.g., quartz crystals or Si cantilevers. They require chemically sensitive films deposited onto the surface of the resonator to gain chemical or biochemical sensitivity. Sensitivity therefore basically depends on the ratio between the vibrating mass of the resonator and the mass increase as the result of the (bio)chemical interaction between the molecules to be detected and the immobilized recognition units. Phononic crystal sensors can apply a similar concept when realizing a solid acoustic cavity resonator. It can be done, for example, as shown in Fig. 1 (left) . Here, the phononic crystal consists of square lattice of cylindrical holes periodically drilled into a Si slab acing as solid matrix and a solid cavity made by removing three holes in the central part of the structure. Simply speaking, the regular phononic crystal surrounding the cavity must provide appropriate boundary conditions that acoustic energy cannot leak out. Fig. 1 (right) shows one result of vibration modal analysis evaluated with Finite Element Analysis (FEA) using Comsol TM Multiphysics and the respective transmission peak (middle). Note, that the design can be scaled in terms of dimensions and frequency, hence the frequency is given as reduced values with a being the lattice constant and c the longitudinal speed of sound in the matrix material, respectively. We could show that this sensor can theoretically detect a mass as low as 1 fg added to the cavity surface when working at 5 GHz [7] . However, we note a major difference. The defect can also be realized as liquid-filled cavity. Now the cavity resonance depends on the speed of sound of the liquid filling the cavity (assuming constant size). Since speed of sound is a material property this realization includes intrinsically chemical sensing capabilities without the need of surface modification. A distinct dependence of speed of sound on composition of the analyte is required to gain sensitivity. We could show theoretically and experimentally prove the expected sensitivity of the cavity resonance on speed of sound competitive to classical ultrasonic methods. The dependence on density can be neglected. Speed of sound depends on the thermodynamic values molar mass, molar volume and (adiabatic) compressibility of the liquid. Interaction between molecules contributes the Gibb's Free Energy in excess to an ideal mixture which in turn results in an excess compressibility. Speed of sound is consequently sensitive to changes in molecular shape, kind of interaction potentials between components of a complex mixture and provides direct insights to the nature of intermolecular interaction [8, 9] . Moreover, non-specific binding can be expected to play a minor role.
The unique feature of the phononic crystal sensor is therefore the capability to detect volumetric properties of the analyte, just in contrast to most chemical and biosensors which measure interfacial properties. The inherent consequence is the possibility to realize less artificial experiment, specifically to perform measurements in physiological environment. The concept does not exclude other well established techniques to increase sensitivity or enhance selectivity, including labeling. Transmission spectrum and color coded mode shape from elastic vibration modal analysis at the frequency marked [7] .
Realizations
We have developed three different realizations. The simplest version is a parallel arrangement of solid plates and liquid layers. Such a 1D-configuration can be analyzed analytically based on a transmission line concept. In experiment any deviation from the 1D assumption must be avoided, like misalignment, mode conversion, other plate vibrations or standing waves in the measurement setup due to unfavorable geometric dimensions. Distinct features of phononic crystals, specifically a bandgap and a defect mode lying within the bandgap, can already be realized and studied with this setup [10] .
The prospective sensor platform is a so-called 2D phononic crystal with holes drilled into a solid matrix. One example is a line defect perpendicular to the direction of wave propagation that separates the regular phononic crystal into two pieces. This 1μm slot acts as fluidic channel and measurement chamber, too [11] . In the current state the analyte does not change its properties along the channel and the acoustic field interacts with the analyte at a length of several lattice constants along the channel. This length can be reduced to a very few lattice constants by a proper design of the regular phononic crystal with a slight variation of the lattice constant in direction of the line defect analog to [12] . This possibility opens the gate to a distributed sensor with separation of the spatially distributed signals via frequency. The design of a 2D phononic crystal sensor is much more involved and based on numerical procedures. Therefore systematic analyzes face severe limitations in terms of computational power and time. Current work deals with another aspect. Although the phononic crystal can be fabricated from many materials, including those accepted in industry and medicine like steel, Si or glass thanks to external excitation and detection of acoustic waves with piezoelectric transducers among others, non-contact measurement can become a strong argument pro the new sensor platform. Point-of-care diagnostics could be one of the most interesting application field. It has a many-years history. Currently, a rapid development of PoC tests and accompanying technologies can be observed [e.g., 13]. One adoption barrier is costs, basically for consumables and equipment maintenance. We want to overcome this barrier by a 2-element sensor system: a disposable element carrying the analyte and an instrument consisting of the phononic crystal, the ultrasonic transducers, electronics executing the measurement protocol and performing data processing and display of the final result. The disposable fluidic element may contain the required chemistry to perform the biochemical part of the transduction scheme, incl. labeling, lysis or separation. A key challenge when applying an acoustic modality to convert the biochemical signal into an electrical signal is a reliable assembly of the instrument and fluidic element, i.e., the need of a reversible and reliable coupling of phononic crystal and disposable fluidic element.
Our first approach considers a rectangular glass capillary as analyte container. Those capillaries can be mass fabricated with high accuracy in geometric dimensions. Glass is FDA-approved for a large variety of applications, very common in medicine and hence handled by technicians and clinicians without desiring special training. The acoustic properties of glass are different enough to those of physiological liquids, i.e., a liquid confined in glass may act already as cavity resonator. The major purpose of the phononic crystal is two-fold: optimization of the boundary conditions, thereby optimizing the Q-factor of the cavity resonance and decreasing the sensitivity of the sensor to unavoidable variations in the coupling layer between the phononic crystal and the removeable glass capillary. The need of a reversible coupling layer is a consequence of the instrumentation concept, variations in its thickness a consequence of severe limitations in alignment or alignment procedures.
The third realization is based on extraordinary acoustic transmission, i.e., a significant increase of sound transmission through plate with periodic in-plane structures. Our sample plate is perforated by holes arranged in square lattice. In contrast to the previous realization we apply normal incidence of the waves. They propagate in parallel through the matrix body of the structure and through the inclusions. In the sensor arrangement a plate is placed in the liquid of interest. Its thickness is significantly less than the main half wavelength with respect to the solid and compares to the half wavelength in the liquid in the scanned frequency range [14, 15] . In this setup pressure waves coming from the liquid undergo multiple conversions when passing the structure. Extraordinary acoustic transmission is characterized by a sharp resonance-like peak at a well-defined frequency as well. This frequency primarily depends on the lattice constant and plate thickness, therefore, the frequency of extraordinary transmission can be properly set by adjusting these parameters. Most import for the sensor application the frequency of extraordinary transmission depends on speed of sound of the liquid similar to the other realizations. Although we kept the name phononic crystal sensor we have experimental and computational evidences for the existence of a dynamically created metastructure. Structural vibrations in periodic solid-liquid composite that combine vibrations in solid with vibrations in neighboring liquid volumes generate a functional structure whose dynamics define anomalous response function of solid-liquid composite to ultrasonic waves. The functional structure consists of elements that do not exist in the state of rest. Their shape and material composition do not coincide with the pattern of real solid-liquid structure [16] . For that reason the sensor should better be termed metastructure sensor.
Results
Theoretical and experimental results proving the concept of the sensor principle have been published in [7, 10, 11, [14] [15] [16] . For demonstration we have analyzed a mixture of water and propanol. This mixture features a maximum in speed of sound at the molar ratio of 0.056, whereas density monotonously decreases. All three realizations show a similar sensitivity to propanol concentration. The theoretically predicted values of the cavity resonance frequency could be experimentally verified without the need to adjust parameters. A gasoline sensor was the first example determining a technical value, the octane number, of real multi-component samples [17] .
Here first results of a phononic crystal sensor comprising a disposable element are shown. We have started with the characterization of the glass capillary filled with the samples. The glass wall is 1 mm thick, the inner free space is 730 μm. The transducers have been put in direct contact to the glass with a glycerol coupling layer of 15 μm. The dimensions have been selected to meet the optimum of the transfer function of the ultrasonic transducers around 1 MHz. Fig. 2 shows both the curves measured (solid lines) and calculated with the transmission line model (dashed lines). The curves agree well, especially with respect to the frequency of maximum transmission. From the sensor point of view the first peak is the interesting one since it moves according to the difference in speed of sound of the two substances filled into the cavity, here water and ethanol. The peak half band width is larger than in theory. Since sound absorption in both liquids is much too low to explain this finding we assume other mechanisms which lower the Q-factor, specifically mode conversion in the real system due to the finite size of all elements, ultrasonic beam divergence and side lopes. The second peak at 1.6 MHz corresponds to the second overtone of the ethanol resonator.
One benchmark of the phononic crystal sensor is the peak full width half value bandwidth, f HBW , of the cavity resonance which defines the Figure of Merit, FoM, eq. 1.
with f being the frequency shift caused by some input value x, e.g., by a change in concentration of propanol.
The peak bandwidth of this arrangement is much too large even in theory. The acoustic contrast between the materials is too small when using standard materials for the disposable element. One task of the development of a phononic crystal surrounding the glass capillary is therefore the reduction of the bandwidth.
In an intermediate step we have added two bulky blocks between transducer and glass capillary. The thickness of the block facing the transmitter is 30 mm, the one facing the receiver is 20 mm. We have been working with several materials, e.g. steel having much higher acoustic impedance or PVC. In Fig. 3 we again compare simulation (dotted lines) and experiment (solid lines), this time performed with water (dark blue), 1-propanol (green) and a mixture of water and propanol (red) (molar ratio 0.056). The band width decreases with the additional element (note the different scaling of the abscissa) by a factor of almost 5. The other characteristic feature, the periodic variation of the signal is caused by the acoustic mismatch between transducer, PVC and the glass capillary, resp. by standing waves. One can observe that the periodicity becomes much smaller around the capillary resonance. In this frequency range the liquid-filled capillary becomes transparent; hence the standing wave appears between the transducers, not within the PVC block facing the transmitter. This coupling effect becomes interesting when bulk viscosity of the liquid confined in the capillary must be considered. Attenuation is modeled via an imaginary component of speed of sound. The values chosen are v i = (0, 10, 20) ms -1 (Fig. 4 , black, red and light blue, respectively). They are much higher than the literature values of water, other pure liquids like alcohols, mixtures thereof or for example buffer solutions as used for biosensors. They are realistic for macromolecular solutions if probing frequency and the relaxation time of e.g. conformation changes in macromolecules correspond, a very specific feature and applied systematically in ultrasonic spectroscopy [e.g., 18]. The results indicate the expected decrease in the peak amplitude. They also show an increase of the two peaks left and right, even crossing the height of the central peak (light blue curve). blocks placed left and right. The glass capillary is filled with water (dark blue), 1-propanol (green) or a water-propanol mixture (red). Dotted lines display simulation (belong to the left axis), the solid lines the experimental results (right axis). Simulated displacement field in a 2D phononic crystal with air holes in a of steel and aluminum plates and a coupling layer to a glass capillary filled square lattice, x-component, and pressure field in the capillary (color-coded) with the analyte water (blue) and a mixture of water and propanol (red).
located in the center of a slit cavity between two 4-row hole arrays at resonance. the light/dark colors correspond to a coupling layer thickness of 2 mm/25 μm.
The reversible coupling between the fixed phononic crystal and the disposable fluidic element includes the risk of a variation in the thickness of the coupling layer due to misalignment. Fig. 5 summarizes the simulation results of a variation in the coupling layer thickness in the range of 0 -40 μm (light blue to dark blue). One can observe that the curves overlap causing a broadening around the central maximum. The peak frequency itself is minor influenced; only a 750 Hz frequency shift must be recognized. We believe that simple alignment measures are sufficient to eliminate the problem of coupling layer variations.
In the next step we have replaced both bulky blocks by a 3-layer steel-aluminum-steel arrangement, coupled to the glass capillary via a silicon oil coupling layer. Fig. 6 shows two computed results for a thin 25 μm coupling layer (light blue for water and light red for the water-propanol mixture) and a thick 2 mm coupling layer (blue and red). Characteristic peaks appear at 1.057 MHz (water) and 1.111 MHz (mixture), i.e., a frequency change of 54 kHz caused by a change in propanol concentration from 0 to 16 %. The half band width frequency is 3 kHz or 170 Hz, respectively and almost a hundred times or more than three orders of magnitude better than the glass capillary alone. The latter value may hardly to be realized experimentally due to unavoidable loss mechanisms. One has to have in mind that a high-Q resonance is virtually equivalent to a long effective interaction path length; hence the resonance peak may not 'survive'. Taking the bulk viscosity of the liquids into account the peak maximum reduces to 95 %, however, assuming an overall loss 10 times higher the amplitude is 67 %, 100 times higher to only 25% and the band width increases to 1 kHz. The peak appearing at 1.006 MHz is a lower order mode. More interesting is the one at 1.017 MHz which is insensitive to the size of and the mixture inside the cavity. It may act as reference and can be used to identify a deviation in the coupling layer thickness.
Ongoing work considers a phononic crystal having a line defect as already studied in previous work [11] . Different quartz glass capillaries with rectangular shape and wall thickness of 0.2, 0.16 and 0.125 mm have been assembled in the slit and coupled to the phononic crystal with glycerol, silicon oil or paraffin. Fig. 7 shows the Comsol simulated color-coded displacement and pressure profile in the steel matrix and in the glass as well as in the liquid. At the second resonance we can consider high pressure amplitude in the liquid. The overall transmission is high. However, we must recognize that the acoustic field is widely distributed and exceeds the size of the receiving transducer. This effect significantly reduces the receiver electrical signal in experiment. A complete redesign is required to solve the problem of refocussing.
Challenges
The further development of the new sensor based on phononic crystals faces three major challenges. It starts with the (bio)chemical step. Since the capability of the sensor to detect volumetric properties is quite unique, there is only little known about acoustic volumetric properties of complex mixtures at ultrasonic frequencies. Priev et al. [19] have reported about a cylindrical ultrasonic resonator applied as fluid analyzer. This method is known from ultrasonic spectroscopy and has been used to measure the concentration of biomolecules in a bulky analyte at MHz frequencies via speed of sound and attenuation. It could especially be shown that speed of sound changes by a few m/s at protein concentration of several 100 μg/ml. These results clearly prove the required relation between biomolecule concentration and speed of sound. The numbers provide benchmarks regarding the required speed-of-sound sensitivity of the sensor platform as well as the optimum of the liquid cavity resonance of a lossy medium. Another aspect not highlighted here is that the majority of protocol development deals with immobilisation of recognition units, suppression of non-specific binding and other interfacial issues. Now the protocol has to support the specific interaction of the respective compounds in volume.
The second challenge is the design of the sensor platform. We have been applying Comsol TM Multiphyics to calculate the transmission and/or reflection coefficient spectrum of waves. Important part of the development of simulation tools is an appropriate reduction of the model. Appropriately arranged computational domains with adequate meshing easily produce more than 10 million DOFs. One may keep in mind that a sensor application need both a high resolution in space and time (e.g. to account for small frequency shifts). Such huge models tend to exceed the memory pool of work stations and lead to unacceptable computing times. A proper combination of scenarios meeting the specific requirements of the computational domain design with appropriately defined boundaries, suitably arranged parallel computing, and adaptive meshing help reducing this problem. One common way is reducing the real device to two dimensions, i.e., the crystal is infinite thick and periodic in lateral direction; however, it cannot be applied to the problem of refocussing, for example.
The third major challenge deals with fabrication. There is almost no information regarding accuracy requirements both for geometry and (local) material properties. The latter may change during manufacturing steps, e.g., when drilling holes into the matrix. The problem becomes even more involved when piezoelectric materials are considered, e.g., to realize phononic structures in classical SAW devices. Micromachining technologies are less developed than those for Si. On the other hand, a significant improvement of sensitivity can be expected in the middle-MHz frequency range besides some other advantages like a compact device. A project we have just with deals with a SAW-based phononic crystal sensor.
In summary, at current state the title of this presentation should end with a question mark. The progress achieved in the last few years provides convincing arguments that solutions of the above challenges can be found allowing for replacement by an exclamation mark. The unique properties of the phononic crystal sensor justify the efforts.
